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Abstract Filter-based particle samples were simultaneously collected at 14 sites across 6 regions of China
during the summer of 2012. These ﬁlters were analyzed for secondary organic aerosol (SOA) tracers from
biogenic precursors (isoprene, monoterpenes, and β-caryophyllene) and anthropogenic aromatics. The sum
of all SOA tracers ranged from 29.9 to 371 ngm3 with the majority from isoprene (123 ± 78.8 ngm3),
followed by monoterpenes (10.5 ± 6.64 ngm3), β-caryophyllene (5.07 ± 3.99 ngm3), and aromatics (2.90
± 1.52 ngm3). The highest levels of biogenic SOA tracers were observed in East China, whereas the
highest concentrations of the aromatic SOA tracer, 2,3-dihydroxy-4-oxopentanoic acid (DHOPA), occurred
in North China. All biogenic SOA tracers exhibited positive correlations with temperature, most likely
resulting from enhanced biogenic volatile organic compounds (BVOCs) emissions and photochemistry in
high-temperature regions. Among the isoprene SOA tracers, the low-NOx products 2-methyltetrols were
the largest by mass concentration. However, at certain urban sites, the contribution of the high-NOx
product 2-methylglyceric acid was signiﬁcantly higher, implying a greater inﬂuence of NOx on isoprene
SOA formation in urban areas. For the monoterpene SOA tracers, the ratio of the ﬁrst-generation products
(cis-pinonic acid plus pinic acid) to the high-generation product (3-methyl-1,2,3-butanetricarboxylic acid)
exhibited a negative correlation with the amount of high-generation products, indicating that this ratio
could serve as an indicator of the aging of monoterpene SOA. The ratio ranged from 0.89 to 21.0, with an
average of 7.00 ± 6.02, among the observation sites, suggesting that monoterpene SOA was generally
fresh over China during the summer. As a typical anthropogenic SOA tracer, DHOPA exhibited higher levels
at urban sites than at remote sites. These SOA tracers were further used to attribute SOA origins via the
SOA-tracer method. The total concentrations of secondary organic carbon (SOC) and SOA were estimated
to be in the range of 0.37 to 2.47 μgC m3 and 0.81 to 5.44 μgm3, respectively, with the highest levels
observed in the eastern regions of China. Isoprene (46 ± 14%) and aromatics (27 ± 8%) were the two major
contributors to SOC in every region. In North China, aromatics were the largest SOA contributor. Our
ground-based observations suggest that anthropogenic aromatics are important SOA precursors in China.
1. Introduction
Organic aerosols (OA) affect the Earth’s radiation balance and regional air quality. As a large fraction of OA,
secondary organic aerosols (SOA) are produced by homogenous [Claeys et al., 2004] and heterogeneous
[Jang et al., 2002] reactions of volatile organic compounds (VOCs). On a global scale, the annual emissions of
biogenic VOCs (BVOCs) were estimated to be 1150 TgC/yr, consisting of 44% isoprene and 11% monoterpenes
[Guenther et al., 1995], whereas anthropogenic emissions were only 110 TgC/yr, among which aromatics
contributed 13% [Piccot et al., 1992]. Thus, global SOA are believed to be largely from BVOCs [Farina et al., 2010].
However, due to the inﬂuence of human activities, anthropogenic contributions to SOA often exceed
50% in the urban areas of the world [de Gouw et al., 2008; Ding et al., 2012; Volkamer et al., 2006; von
Schneidemesser et al., 2009]. Moreover, anthropogenic emissions in urban regions might accelerate BVOCs
oxidation and SOA formation [Carlton et al., 2010; Hoyle et al., 2011; Weber et al., 2007].
Speciﬁc SOA tracers can provide insight on precursors and processes inﬂuencing SOA formation. The
identiﬁcation of the isoprene SOA (SOAI) tracers 2-methyltetrols in the aerosols of the Amazon rainforest
[Claeys et al., 2004] changed the way the scientiﬁc community thought of SOAI, which was regarded as
negligible due to its low SOA yield [Pandis et al., 1991]. The discovery of the low-NOx products isoprene
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epoxydiols [Paulot et al., 2009], and the high-NOx products 2-methylglyceric acid [Surratt et al., 2010] and
methacrylic acid epoxide [Lin et al., 2013] expanded the understanding of the formation pathways of
SOAI [Froyd et al., 2010; Worton et al., 2013]. Currently, the global SOA production from isoprene is estimated
to be 2–19.2 Tg/yr [Carlton et al., 2009; Claeys et al., 2004; Heald et al., 2008]. In addition to isoprene, speciﬁc
tracers have been determined in monoterpene SOA (SOAM) [Christoffersen et al., 1998; Claeys et al., 2007; Jaoui
et al., 2005], β-caryophyllene SOA (SOAC) [Jaoui et al., 2007; van Eijck et al., 2013], anthropogenic aromatic SOA
(SOAA) [Offenberg et al., 2007], and polycyclic aromatic hydrocarbon SOA [Kleindienst et al., 2012]. Moreover,
the compositions of SOA tracers can provide additional information in formation processes and sources. The
ratio of 2-methylglyceric acid to 2-methyltetrols has been applied to trace the inﬂuence of NOx on SOAI
formation [Ding et al., 2013; Lewandowski et al., 2013]. The ratio of 3-hydroxyglutaric acid to 3-methyl-
1,2,3-butanetricarboxylic acid can distinguish α-pinene from other monoterpenes [Jaoui et al., 2005;
Lewandowski et al., 2013]. A large-scale survey of SOA tracers can provide a full picture of the spatial distribution,
formation mechanisms, and precursor origins of SOA on a continental or global scale. Until the present, large-
scale observations of SOA tracers have been conducted over the global oceans [Ding et al., 2013; Fu et al., 2011;
Hu et al., 2013]. On the continents, ﬁeld studies are typically performed at several sites within a region
[Claeys et al., 2004; Fu et al., 2009; Hu et al., 2008; Lewandowski et al., 2013; von Schneidemesser et al., 2009].
Simultaneous observations over a national or continental scale are still rare and urgently needed.
To further apply SOA tracers to attribute
SOA sources, Kleindienst and coworkers
[Kleindienst et al., 2007] developed an
SOA-tracer method. Based on smog
chamber experiments, a series of
tracer compounds are quantiﬁed in
the SOA derived from each precursor.
Then, the mass fraction (fSOA) of these
tracers in the SOA for each precursor is
calculated. With the assumption that
tracer-SOA relationships are the same
in the ambient air as in the chamber
[Kleindienst et al., 2007], SOA sources
can be estimated based on the
levels of SOA tracers in the ambient
atmosphere by dividing the fSOA from
the chamber experiments. Previous
Table 1. Information of Sampling Sites
Sites Regions Type Temperate Zones Latitude (°N) Longitude (°E)
Sampling
Duration
Hailun (HL)a Northeast China Suburban Subhumid temperature zone
in Heilongjiang Province
47.45 126.92 biweekly 48 h
Tongyu (TYU) Northeast China Rural Humid temperature zone in Jilin Province 44.42 122.87 biweekly 48 h
Beijing (BJ) North China Urban Subhumid warm temperate zone 40.01 116.34 biweekly 48 h
Taiyuan (TY) North China Urban Subhumid warm temperate zone
in Shanxi Province
37.87 112.55 biweekly 48 h
Dunhuang (DH) Northwest China Urban Arid warm temperate zone in Gansu Province 40.13 94.71 biweekly 48 h
Shapotou (SPT) Northwest China Rural Arid temperate zone in Ningxia Province 37.45 104.95 biweekly 48 h
Hefei (HF) East China Urban Humid subtropic zone in Anhui Province 31.86 117.27 biweekly 48 h
Wuxi (WX) East China Suburban Humid subtropic zone in Jiangsu Province 31.40 120.22 biweekly 48 h
Qianyanzhou (QYZ) East China Rural Humid subtropic zone in Jiangxi Province 26.75 115.07 biweekly 48 h
Kunming (KM) Southwest China Urban Humid subtropic zone in Yunnan Province 25.04 102.73 biweekly 48 h
Xishuangbanna (BN) Southwest China Rural Humid tropic zone in Yunnan Province 21.92 101.25 biweekly 48 h
Linzhi (LZ) Southwest China Remote Subarid temperate zone in Tibetan Plateau 29.55 94.35 biweekly 72 h
Nam Co (NC) Southwest China Remote Subarid temperate zone in Tibetan Plateau 30.77 90.99 biweekly 72 h
Sanya (SY) South China Suburban Humid tropic zone in Hainan Island 18.23 109.48 biweekly 48 h
aSite abbreviation in parentheses.
Figure 1. Sampling sites in China, including ﬁve urban sites, three suburban
sites, four rural sites, and two remote sites.
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studies revealed that secondary organic carbon (SOC) estimated by the SOA-tracer method and primary
organic carbon apportioned by a chemical mass balance model could fully explain organic carbon in the
ambient atmosphere [Kleindienst et al., 2010; Lewandowski et al., 2008]. The total SOC estimated by the
SOA-tracer method was consistent with that by the EC (elemental carbon)-tracer method [Turpin and
Huntzicker, 1995] during the summer [Ding et al., 2012; Kleindienst et al., 2010]. The apportionment results of
SOC were also comparable between the SOA-tracer method and the positive matrix factorization model
[Hu et al., 2010; Y. Zhang et al., 2009]. All these results demonstrate that the secondary organic tracer
technique is a valuable and convincing method for SOC estimation, although there are still signiﬁcant
uncertainties due to the limited number of identiﬁed tracers and chamber parameters, as well as the
simpliﬁcation of applying organic tracers and conversion factors to calculate SOA values from ambient
samples [Kleindienst et al., 2007].
China is the world’s largest developing country and has undergone very rapid economic growth during the past
several decades. Due to rapid urbanization and industrialization, large amounts of pollutants have been emitted
into the air. At present, China faces severe air pollution problems. The levels of particulate matter less than
2.5 micrometers in diameter (PM2.5) in most cities exceed the national air quality standards (an annual value
of 35μgm3) [Chai et al., 2014]. Visibility reduction occurs nationwide and has becomeworse in the last decade
[Zhang et al., 2012]. Organic matter is a major component of the particles and an important light extinction
substance [Wang et al., 2012]. Previous studies using the EC-tracer method estimated that more than 50% of the
organic carbon over China was secondary [Cao et al., 2007; Zhang et al., 2012]. Thus, it is essential to understand
the origins of SOA. In China, data on SOA tracers are accumulating in megacities [Ding et al., 2011; Feng et al.,
2013; Guo et al., 2012; Hu et al., 2008], forests [Wang et al., 2008], mountains [Fu et al., 2010; Li et al., 2013a], and
the Tibetan Plateau [Li et al., 2013b]. However, due to the differences in sampling periods and analysis methods,
it is difﬁcult to establish a nationwide picture of spatial distributions and precursor origins of SOA in China.
Moreover, SOAA that should be an important contributor in the regions with high levels of human activity has
only been estimated based on observations in four Chinese megacities [Ding et al., 2012; Feng et al., 2013; Guo
et al., 2012; Hu et al., 2008]. Its contribution to SOA levels is still unclear on the national scale. The available
model studies predicted that SOAA mademinor contributions relative to biogenic SOA in China [Fu et al., 2012;
Han et al., 2008; Jiang et al., 2012]. However, because the current emission inventories of aromatics in China
Table 2. Summary of SOA Data in Different Regions of China During Summer (July–September) 2012
Site
Northeast China North China Northwest China
Hailun Tongyu Beijing Taiyuan Dunhuang Shapotou
Suburban Rural Urban Urban Urban Rural
Temperature (°C)a 19.6d (12.6–24.6) 21.2 (13.8–26.1) 25.2 (21.4–28.4) 21.2 (16.4–25.6) 21.4 (17.3–26.1) 21.6 (16.5–25.8)
SOA Tracer (ngm3)
Isopreneb 202 (8.65–554) 143 (67.2–205) 137 (48.3–308) 61.7 (13.0–121) 92.3 (28.8–171) 56.5 (33.2–81.0)
Monoterpenesc 14.6 (2.40–33.2) 13.8 (4.96–23.8) 19.3 (13.1–33.8) 7.87 (3.46–12.3) 8.62 (4.06–18.5) 5.72 (3.08–10.6)
β-Caryophyllene 4.98 (0.94–10.5) 5.95 (1.62–12.7) 8.85 (3.38–15.5) 6.92 (ND–17.4)e 1.64 (0.17–4.10) 1.44 (0.75–3.38)
Aromatics 5.09 (ND–12.6) 3.27 (1.69–6.84) 5.22 (2.52–8.61) 3.03 (1.27–4.17) 2.11 (0.60–4.84) 2.33 (2.12–2.55)
Sum of tracers 227 (12.0–610) 166 (80.9–244) 170 (68.9–366) 79.5 (23.2–132) 105 (35.3–198) 66.0 (43.4–87.2)
MGA/MLTs 0.08 (0.02–0.14) 0.20 (0.10–0.36) 0.58 (0.16–1.10) 0.42 (0.18–0.83) 0.10 (0.02–0.20) 0.29 (0.12–0.55)
P/M 6.27 (0.89–27.2) 1.03 (0.70–1.69) 3.98 (2.65–6.75) 2.93 (2.51–3.44) 15.4 (7.81–22.4) 21.0 (9.75–39.0)
HGA/MBTCA 1.91 (0.97–2.92) 1.62 (0.83–2.18) 5.02 (2.48–7.70) 2.55 (1.37–3.99) 5.07 (3.67–7.08) 2.55 (1.27–3.70)
SOC (μgC m3)
SOCI 0.88 (0.05–2.39) 0.82 (0.37–1.20) 0.65 (0.28–1.55) 0.31 (0.06–0.66) 0.57 (0.17–1.06) 0.33 (0.15–0.49)
SOCM 0.25 (0.04–0.56) 0.23 (0.08–0.40) 0.33 (0.22–0.57) 0.13 (0.05–0.20) 0.15 (0.06–0.31) 0.10 (0.05–0.17)
SOCC 0.22 (0.04–0.45) 0.26 (0.07–0.55) 0.38 (0.14–0.67) 0.30 (ND–0.75) 0.07 (0.01–0.18) 0.06 (0.03–0.14)
SOCA 0.64 (ND–1.59) 0.41 (0.21–0.86) 0.66 (0.31–1.09) 0.38 (0.16–0.52) 0.27 (0.07–0.61) 0.29 (0.26–0.32)
Sum of SOC 1.99 (0.13–4.97) 1.72 (0.90–2.87) 2.02 (1.17–3.89) 1.12 (0.52–1.61) 1.06 (0.40–2.17) 0.79 (0.66–0.87)
SOA (μgm3)
SOAI 2.17 (0.12–5.89) 2.01 (0.92–2.96) 1.59 (0.69–3.83) 0.75 (0.15–1.64) 1.41 (0.43–2.62) 0.82 (0.38–1.22)
SOAM 0.33 (0.05–0.75) 0.31 (0.11–0.53) 0.44 (0.29–0.76) 0.18 (0.07–0.27) 0.20 (0.09–0.41) 0.13 (0.06–0.24)
SOAC 0.46 (0.08–0.96) 0.55 (0.14–1.16) 0.81 (0.30–1.42) 0.63 (ND–1.59) 0.15 (0.01–0.37) 0.13 (0.06–0.31)
SOAA 1.27 (ND–3.14) 0.82 (0.42–1.71) 1.30 (0.62–2.15) 0.76 (0.31–1.04) 0.53 (0.14–1.21) 0.58 (0.53–0.63)
Sum of SOA 4.23 (0.26–10.6) 3.69 (1.89–6.01) 4.15 (2.33–8.17) 2.32 (1.05–3.24) 2.29 (0.82–4.63) 1.66 (1.35–1.94)
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were signiﬁcantly underestimated [Liu et al., 2012], the model prediction might underestimate SOAA. Thus,
concurrent and nationwide observations of SOA are urgently needed in China. In this study, particle samples
were collected at 14 sites across 6 regions of China during the summer in 2012. SOA tracers from isoprene,
monoterpene, β-caryophyllene, and aromatics were analyzed to determine their spatial distributions and
compositions. Furthermore, SOC and SOA were estimated by the SOA-tracer method to take a ﬁrst glance of
the SOA origins in various regions of China during the summer.
2. Experimental Section
2.1. Field Sampling
Sampling was performed simultaneously at 14 sites in 6 regions (Table 1), including ﬁve urban sites, three
suburban sites, four rural sites, and two remote sites (Figure 1). Size-segregated particle samples were collected
using Anderson nine-stage cascade impactors equipped with prebaked quartz ﬁber ﬁlters (Whatman, 450°C
for 8 h) at an airﬂow rate of 28.3 L/min. The 50% cutoff sizes were<0.4, 0.4–0.7, 0.7–1.1, 1.1–2.1, 2.1–3.3, 3.3–4.7,
4.7–5.8, 5.8–9.0, and ≥9.0μm. The airﬂow was calibrated before and after sampling using an airﬂow meter
to ensure the sampler operated at the speciﬁed ﬂow rate. One set of nine size-fractionated ﬁlters were collected
for 48h every 2 weeks at each site. Due to the low particle mass, the sampling duration was extended to
72h for the two remote sites in the Tibet Plateau (Lingzhi and Nam Co). In this study, 83 sets of ﬁeld samples
were collected between July and September 2012. Additionally, one set of ﬁeld blanks was collected at each
site in the same way as the ambient samples for 5min when the sampler was turned off.
2.2. Chemical Analysis
Each set of nine ﬁlters were combined together as one sample to meet the analysis requirement. Detailed
information on the SOA tracer analysis is described elsewhere [Ding et al., 2008, 2011]. Prior to solvent
Table 2. (continued)
East China Southwest China South China
Hefei Wuxi Qianyanzhou Kunming Linzhi Nam Co Xishuangbanna Sanya
Urban Suburban Rural Urban Remote Remote Rural Suburban
27.8 (21.5–32.8) 27.5 (20.9–31.6) 27.8 (22.5–32.8) 20.0 (18.2–22.0) 16.8 (14.6–18.6) 15.9 (13.6–17.7) 23.4 (22.9–24.4) 28.5 (27.4–29.6)
SOA Tracer (ngm3)
341 (72.1–852) 152 (17.2–716) 148 (21.4–243) 114 (49.8–189) 26.2 (7.74–53.1) 73.4 (16.7–184) 106 (48.2–249) 65.3 (32.4–139)
20.2 (3.21–47.8) 15.3 (4.23–37.9) 19.6 (3.89–39.4) 9.61 (4.53–15.8) 2.75 (1.94–4.43) 0.66 (0.11–1.36) 5.92 (4.11–9.74) 3.12 (1.04–6.47)
6.55 (4.85–8.69) 6.73 (1.05–11.2) 14.9 (2.66–28.9) 2.67 (0.58–5.88) 0.27 (ND–0.43) 0.06 (ND–0.19) 6.98 (2.49–25.0) 3.05 (0.56–8.74)
2.62 (1.42–4.47) 3.62 (1.51–6.97) 3.43 (0.39–7.28) 2.40 (1.40–2.99) 0.65 (0.20–1.45) 0.40 (0.09–0.61) 4.96 (3.30–8.18) 1.51 (ND–5.43)
371 (95.0–910) 178 (24.1–769) 186 (28.4–295) 129 (63.3–205) 29.9 (10.1–59.4) 74.6 (18.1–185) 124 (60.3–285) 73.0 (37.4–160)
0.14 (0.04–0.40) 0.78 (0.02–1.95) 0.14 (0.04–0.42) 0.06 (0.02–0.09) 0.20 (0.01–0.64) 0.07 (0.02–0.08) 0.20 (0.03–0.33) 0.14 (0.002–0.50)
0.89 (0.06–2.39) 7.74 (0.81–13.6) 2.79 (1.06–8.90) 4.88 (3.19–7.09) 13.3 (4.88–22.8) - 4.64 (1.68–9.31) 6.16 (3.51–9.24)
1.16 (0.24–2.90) 3.29 (0.85–6.82) 0.75 (0.43–0.97) 1.65 (1.17–2.07) 2.11 (1.18–2.89) - 1.49 (1.05–1.98) 2.82 (1.18–5.84)
SOC (μgC m3)
1.51 (0.36–4.40) 0.87 (0.10–4.07) 0.84 (0.13–1.37) 0.65 (0.25–1.16) 0.16 (0.05–0.33) 0.46 (0.10–1.14) 0.59 (0.28–1.28) 0.37 (0.19–0.63)
0.34 (0.05–0.80) 0.26 (0.07–0.64) 0.33 (0.06–0.66) 0.16 (0.07–0.26) 0.05 (0.03–0.07) 0.01 (0.002–0.02) 0.10 (0.06–0.16) 0.05 (0.01–0.10)
0.28 (0.21–0.37) 0.29 (0.04–0.48) 0.65 (0.11–1.25) 0.12 (0.02–0.25) 0.01 (ND–0.01) 0.003 (ND–0.008) 0.30 (0.10–1.08) 0.13 (0.02–0.38)
0.33 (0.17–0.56) 0.46 (0.19–0.88) 0.43 (0.04–0.92) 0.30 (0.17–0.37) 0.08 (0.02–0.18) 0.05 (0.01–0.08) 0.63 (0.41–1.03) 0.19 (ND–0.68)
2.47 (1.03–5.80) 1.88 (0.42–5.76) 2.26 (0.36–3.56) 1.24 (0.88–1.72) 0.37 (0.21–0.60) 0.53 (0.14–1.24) 1.63 (0.99–3.17) 0.74 (0.36–1.81)
SOA (μgm3)
3.72 (0.89–10.8) 2.15 (0.25–10.0) 2.07 (0.32–3.38) 1.61 (0.62–2.87) 0.40 (0.12–0.80) 1.14 (0.26–2.81) 1.46 (0.70–3.17) 0.90 (0.46–1.56)
0.46 (0.07–1.08) 0.35 (0.09–0.86) 0.45 (0.08–0.89) 0.22 (0.10–0.35) 0.06 (0.04–0.10) 0.01 (0.002–0.03) 0.13 (0.09–0.22) 0.07 (0.02–0.14)
0.60 (0.44–0.79) 0.62 (0.09–1.03) 1.37 (0.24–2.64) 0.24 (0.05–0.53) 0.02 (ND–0.03) 0.01 (ND–0.02) 0.64 (0.22–2.29) 0.28 (0.05–0.80)
0.66 (0.35–1.11) 0.91 (0.37–1.74) 0.86 (0.09–1.82) 0.60 (0.35–0.74) 0.16 (0.05–0.36) 0.10 (0.02–0.15) 1.24 (0.82–2.04) 0.38 (ND–1.35)
5.44 (2.26–13.1) 4.01 (0.84–13.0) 4.74 (0.75–7.49) 2.67 (1.81–3.84) 0.81 (0.46–1.30) 1.26 (0.31–2.99) 3.48 (2.05–6.97) 1.63 (0.77–3.87)
aTemperature is mean value of 48 h or 72 h at each site during the sampling.
bSum of 2-methylthreitol, 2-methylerythritol, 2-methylglyceric acid, cis-2-methyl-1,3,4-trihydroxy-1-butene, trans-2-methyl-1,3,4-trihydroxy-1-butene,
and 3-methyl-2,3,4-trihydroxy-1-butene.
cSum of cis-pinonic acid, pinic acid, 3-methyl-1,2,3-butanetricarboxylic acid, 3-hydroxyglutaric acid, and 3-hydroxy-4,4-dimethylglutaric acid.
dMean value and data range in parentheses.
eND = not detected.
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extraction, isotope-labeled standard
mixtures (naphthalene-d8,
acenaphthene-d10, phenanthrene-d10,
chrysene-d12, perylene-d12, dodecanoic
acid-d23, hexadecanoic acid-d31,
phthalic acid-d4, tetracosane-d50, and
levoglucosan-13C6) were spiked into
samples as internal standards. Samples
were extracted twice by sonication
with the mixed solvent dichloride
methane (DCM)/hexane (1:1, vol/vol),
then 3 times with the mixed solvent
DCM/methanol (1:1, vol/vol). The
extracts of each sample were combined,
ﬁltered, and concentrated to ~2mL.
Then, each sample was separated into
two parts. One was blown to dryness
under a gentle stream of nitrogen and
kept at room temperature for 1 h to
derivatize carboxylic acids to methyl
esters after adding 200 μL of DCM,
10 μL of methanol, and 300 μL of
freshly prepared diazomethane. The
methylated extract was reduced to
200 μL and analyzed for SOA tracers
and other nonpolar and polar
compounds. The other portion was
blown to dryness for silylation with
100 μL of pyridine and 200 μL of N,O-bis-(trimethylsilyl)-triﬂuoroacetamide plus 1% trimethylchlorosilane
in an oven at 70°C for 1 h. The silylated extract was analyzed for SOA tracers containing hydroxyl groups
and other polar compounds. Only the SOA tracer data are discussed in the current study.
The samples were analyzed by an Agilent 7890/5975C gas chromatography (GC)/mass spectrometer detector in
the selected ion monitoring mode with a 30m HP-5 MS capillary column (ID 0.25mm, 0.25μm ﬁlm thickness).
Splitless injection of a 2μL sample was performed. The GC temperature was initiated at 65°C, held for 2min,
then increased to 290°C at 5°Cmin1 and held for 20min. Thirteen BSOA tracers were quantiﬁed, including ﬁve
SOAM tracers (cis-pinonic acid, pinic acid, 3-methyl-1,2,3-butanetricarboxylic acid, 3-hydroxyglutaric acid, and
3-hydroxy-4,4-dimethylglutaric acid), six SOAI tracers (2-methylthreitol, 2-methylerythritol, 2-methylglyceric acid,
cis-2-methyl-1,3,4-trihydroxy-1-butene, trans-2-methyl-1,3,4-trihydroxy-1-butene, and 3-methyl-2,3,4-trihydroxy-
1-butene), one SOAC tracer (β-caryophyllenic acid), and one SOAA tracer (2,3-dihydroxy-4-oxopentanoic acid,
DHOPA). The compounds cis-pinonic acid and pinic acid were quantiﬁed by authentic standards. Due to lack of
standards, the SOAI tracers were quantiﬁed using erythritol [Claeys et al., 2004; Ding et al., 2008]; the SOAM
tracers were quantiﬁed using cis-pinonic acid; and β-caryophyllenic acid and DHOPA were quantiﬁed using
octadecanoic acid and azelaic acid, respectively [Ding et al., 2012]. Themethod detection limits for cis-pinonic acid,
pinic acid, erythritol, octadecanoic acid, and azelaic acid were 0.05, 0.07, 0.06, 0.05, and 0.11ngm3, respectively,
with a total volume of 81.5m3. Table 2 summarizes the SOA data in different regions of China during summer.
2.3. Quality Assurance/Quality Control
Field and laboratory blanks were extracted and analyzed in the same manner as the ﬁeld samples. The
target SOA tracers were not detected in the ﬁeld and laboratory blanks. To evaluate the recoveries of the
analytical method, six spiked samples (authentic standards spiked into solvent with prebaked quartz ﬁlters)
were analyzed. The recoveries were 101 ± 3% for cis-pinonic acid, 70 ± 10% for pinic acid, 65 ± 14% for
erythritol, 83 ± 7% for octadecanoic acid, and 89 ± 9% for azelaic acid. The relative differences for target
compounds in paired duplicate samples (n= 6) were all <15%.
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Figure 2. (a) Spatial distribution of SOA tracers on the national scale. The
sizes of the pies indicate concentrations. SOAI tracers exhibited the
dominance. (b) Comparison between eastern and western regions. Higher
levels were observed in the eastern regions of China.
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3. Results and Discussion
3.1. Spatial Distributions and Compositions of SOA Tracers
The sum of all SOA tracers ranged from 29.9 to 371 ngm3 from site to site (Table 2). Among these
compounds, SOAI tracers (123 ± 78.8 ngm
3) represented the majority (Figure 2a), accounting for 84 ± 7% of
the total concentrations. The levels of SOAM tracers were 10.5 ± 6.64 ngm
3, followed by β-caryophyllenic
acid (5.07 ± 3.99 ngm3) and DHOPA (2.90 ± 1.52 ngm3). All the levels of the biogenic SOA tracers were
consistent with those over other continents and 1–2 orders of magnitude higher than those over the Arctic
and global oceans (Table 3). Figure 2a also presents the spatial distribution of total SOA tracers on the
national scale. The levels of all tracers were low in the western regions (six sites in Northwest China and
Southwest China) and high in the eastern regions (the remainder of the sites) with an eastern/western ratio of
>1.0 (Figure 2b). As Figure 3 shows, all the biogenic SOA tracers exhibited positive correlations with
temperature (p< 0.001). A close inspection of Figure 3 reveals that the positive correlations were mostly
driven by the differences in temperature and SOA levels among the sites, instead of the differences in
temperature and SOA within each site. Because temperature apparently exhibited geographical differences
among these regions (Table 2), the positive correlations probably resulted from enhanced BVOCs emissions
and photochemistry in high-temperature regions [Ding et al., 2008; Lafﬁneur et al., 2011; Rinne et al., 2002].
3.1.1. Isoprene SOA Tracers
The sum of SOAI tracers ranged from 26.2 to 341 ngm
3 among the 14 sites (Table 2). The highest
concentrations were observed at site HF in East China and the lowest values at site LZ in the Tibetan Plateau
of Southwest China (Figure 4a). East China exhibited the highest concentrations among the 6 regions.
Figure 5 shows the relative contributions of the SOAI tracers. The low-NOx products [Surratt et al., 2010],
2-methyltetrols (the sum of 2-methylthreitol and 2-methylerythritol; average: 89.0± 49.8 ngm3), represented
the majority among the SOAI tracers at all sites, followed by C5-alkene diols (the sum of cis-2-methyl-
1,3,4-trihydroxy-1-butene, trans-2-methyl-1,3,4-trihydroxy-1-butene, and 3-methyl-2,3,4-trihydroxy-1-butene;
average: 22.5± 29.5 ngm3) and the high-NOx product [Surratt et al., 2010] 2-methylglyceric acid (average: 10.8
± 6.57 ngm3). This 2-methyltetrols-majority pattern is consistent with observations in the other places during
the summer [Kleindienst et al., 2010; Kourtchev et al., 2009; Lewandowski et al., 2013]. The two 2-methyltetrol
Table 3. Data of SOA Tracers on a Global Scale (ngm3)
Locations Seasons Reference
SOA Tracers
Isoprenea Monoterpenesa β-Caryophyllene Aromatics
Asia 14 sits across China Summer This study 7.74–852 0.11–47.8 NDb–28.9 ND–12.6
Guangzhou, South China Summer Ding et al. [2012] 8.58–451 0.49–50.3 0.50–11.8 2.84–52.0
Beijing, North China Summer Guo et al. [2012] 29.6–215 47.6–199 1.4–25.3 1.7–13.3
Shanghai, East China Four seasons Feng et al. [2013] 0.8–293 0.4–34.9 ND–6 0.04–10
Hong Kong, South China Summer Hu et al. [2008] 1.32–954 8.07–1114 1.15–80.3 0.33–6.45
Troposphere over Central China. Summer Fu et al. [2014] 3.3–138 3.9–38 0.15–3.4 NAc
Qinghai Lake, Northwest China Summer Li et al. [2013b] 0.13–7.15 0.30–10.4 0.05–2.41 NA
Forest in Japan Summer Miyazaki et al. [2012] 12.3–39.3 14.7–3.7 NA NA
Forest in Nepal Summer Stone et al. [2012] 5.5–105 5.6–31.3 1.10–2.30 NA
Jerusalem Summer von Schneidemesser
et al. [2009]
33–84 62–125 4.1–8.1 5.4–14.2
North
America
15 sites across U.S. Summer Lewandowski et al. [2013] 6.5–220 12.6–159 0.30–11.9 0.40–2.60
South
America
Amazon rain forest Summer Claeys et al. [2004] 49.2–64.7
Europe City in Mediterranean Summer El Haddad et al. [2011] 0.05–18.9 3.01–78 0.01–1.1 NA
Forest in Jülich Summer Kourtchev et al. [2008] 7.2–32.1 4.6–62.2 NA NA
Arctic Alert Winter-Summer Fu et al. [2009] 0.011–0.192 0.138–5.303 0.009–0.372 NA
Global
Oceans
Low- to middle-latitude Fall-Spring Fu et al. [2011] 0.11–22 0.02–15 NA NA
Antarctic to Arctic Summer Hu et al. [2013] 0.018–36 0.05–20 NA NA
North Paciﬁc and Arctic Summer Ding et al. [2013] 0.115–1.45 0.009–0.234 0.01–0.031 NA
aCompositions of tracers are different in different studies.
bND = not detected.
cNA = not available.
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isomers exhibited signiﬁcant correlations
with each other at all sites (p< 0.05), with
the slopes in a narrow range from 2 to 4
(Figure 6), indicating that the two isomers
shared similar formation pathways.
It is worth noting that certain samples
collected at the urban and suburban
sites presented high values on the
2-methylglyceric acid axis (Figure 5), e.g.,
62% at site WX. As the chamber study
discovered, 2-methylglyceric acid is
mainly produced under high-NOx
conditions, whereas 2-methyltetrols are
mainly formed under low-NOx (or NOx-
free) conditions [Surratt et al., 2010].
Thus, the ratio of 2-methylglyceric acid
to 2-methyltetrols (MGA/MTLs) reﬂects
the impact of NOx on SOAI formation.
The ratio was only 0.13–0.35 in the
southeastern U.S., which had high
isoprene emissions, but reached
0.87–1.8 in the urban areas of California
[Lewandowski et al., 2013]. In this study,
the ratios of MGA/MTLs were less than
0.4 at all rural and remote sites but were
signiﬁcantly higher at certain urban
(average 0.58 at BJ and 0.42 at TY) and
suburban (average 0.78 at WX) sites
(Figure 4a), probably due to the greater
impact of NOx on SOAI formation in
urban areas. In addition, aerosol acidity
also inﬂuences the ratio of MGA/MTLs.
Surratt et al. [2007] checked the
inﬂuence of acidity on isoprene SOA
formation with a VOC/NOx ratio of
~50 ppbC/ppb in all experiments.
Increased acidity enhanced the
formation of MTLs but not of MGA, resulting in lower ratios of MGA/MTLs [Surratt et al., 2007]. This might
explain why not all urban and suburban sites exhibited high MGA/MTLs ratios.
3.1.2. Terpene SOA Tracers
The sum of SOAM tracers ranged from 0.66 to 20.2 ngm
3 among the 14 sites (Table 2). The highest
concentrations were observed at HF and the lowest values occurred at NC in the Tibetan Plateau (Figure 4b).
East China exhibited the highest concentrations among the six regions. Among the ﬁve tracers, cis-pinonic acid
was the most abundant species (PNA; average: 3.53± 2.02 ngm3), followed by 3-hydroxyglutaric acid
(HGA; average: 2.83±2.12ngm3), 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA; average: 1.91±2.61ngm3),
3-hydroxy-4,4-dimethylglutaric acid (HDMGA; average: 1.85 ± 1.59 ngm3), and pinic acid (PA; average:
0.40 ± 0.34 ngm3).
Previous studies proposed that PNA and PA were ﬁrst-generation products of SOAM and could further
photodegrade to high-generation products, e.g., MBTCA [Claeys et al., 2007; Müller et al., 2012; Szmigielski
et al., 2007]. During a campaign at a Belgian forest site, high levels of MBTCA and low concentrations of PNA
were observed at the same time, indicative of an aged SOAM [Gómez-González et al., 2012]. In the air of
Guangzhou, the ratio of PNA plus PA to MBTCA (P/M) was as high as 28.9 when the air mass originated from
southern China, and the SOAM was relatively fresh. In contrast, the P/M ratio dropped to 0.28 when the air
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Figure 3. Positive correlations between BSOA tracers and temperature.
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mass passed across the eastern seashore, and the SOAM was relatively aged. Thus, the ratio of P/M can be used
to check the aging of SOAM. A high P/M ratio indicates less transformation of PNA and PA to MBTCA and thus
relatively fresh SOAM; a low ratio suggests relatively aged SOAM. Our previous study in the Pearl River Delta
(PRD) found that HGA, HDMGA, andMBCTA correlated well with each other but had no correlation with the two
ﬁrst-generation products (PNA and PA) [Ding et al., 2011]. Thus, HGA, HDMGA, and MBCTA can be regarded as
high-generation products of SOAM. As Figure 7 shows, a negative correlation was observed between the
amount of the high-generation products (the sum of HGA, HDMGA, and MBCTA) and the P/M ratio, indicating
that more high-generation products occur in more aged SOAM. Coupled with previous chamber experiments and
ﬁeld observations, this negative correlation provides additional evidence that the P/M ratio could serve as an
indicator of the aging of SOAM. In the fresh chamber-produced α-pinene SOA samples, the ratios of P/Mwere 1.51
to 3.21 [Offenberg et al., 2007]. In this study, the ratio of P/M ranged from 0.89 (at HF) to 21.0 (at SPT) (Figure 4b),
with an average of 7.00±6.02. Thus, the SOAM was generally fresh over China during the summer.
The ratio of HGA to MBTCA (HGA/MBTCA) can be used to distinguish different monoterpenes because
α-pinene SOA had considerably higher yields of MBTCA relative to HGA than β-pinene or δ-limonene
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Figure 4. Regional distribution of SOA tracers from (a) isoprene, (b) monoterpenes, (c) β-caryophyllene, and (d) aromatics.
The bar represents 1 standard deviation.
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[Jaoui et al., 2005]. Observations at
15 sites in the U.S. found that the ratio
of HGA/MBTCA was the lowest (~1.0)
in the southeastern U.S. and the
highest in California (1.83 to 3.65),
suggesting α-pinene was the major
precursor for SOAM in the southeastern
U.S. [Lewandowski et al., 2013]. In this
study, the ratio of HGA/MBTCA ranged
from 0.75 to 5.07 among the 14 sites.
Although HF, QYZ, and BJ had similarly
high levels of SOAM tracers, the ratios
of HGA/MBTCA exhibited signiﬁcant
differences (Table 2). The ratios were
1.16 at HF, 0.75 at QYZ, and 5.02 at
BJ, suggesting α-pinene might make a
greater contribution to SOAM at the
former two sites.
The SOAC tracer, β-caryophyllenic acid,
was in the range of 0.06 to 14.9 ngm3.
The highest concentrations were
observed at the rural site QYZ in East
China and the lowest values occurred at NC in the Tibetan Plateau (Figure 4c). The gradient of regional
average concentrations exhibited the following order: East China>North China>Northeast China> South
China> Southwest China>Northwest China. The levels in the eastern regions were higher than those in the
western regions, most likely due to the higher rates of emission and reaction of β-caryophyllene in the
eastern regions.
3.1.3. Aromatic SOA Tracer
The SOAA tracer, DHOPA, was in the range of 0.40 to 5.22 ngm
3 among the sites. Our measurements were
consistent with those in themegacities of China and in Jerusalem but higher than those in the U.S. (Table 3). The
capital, Beijing, exhibited the highest concentrations among the 14 sites (Figure 4d), indicating aromatics
pollution in the megacity. On the national scale, the gradient of regional average concentrations exhibited the
following order: North China>Northeast China> East China>Northwest China> Southwest China> South
China. As a typical anthropogenic SOA tracer, DHOPA concentrations were higher at urban and suburban
sites than at remote sites (Figure 4d). However, at some rural sites, its concentrations were comparable with
those of urban sites, especially in Southwest China (at BN). Both ﬁeld observations [Barletta et al., 2005;
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Zhang et al., 2013] and emission
inventories [Q. Zhang et al., 2009; Zheng
et al., 2009] revealed that aromatics in
China were major from solvent use,
vehicle exhaust, oil evaporation, coal
burning, and biomass burning. The
former four sources should cause higher
contributions to aromatics in urban
areas, whereas biomass burning, such as
forest ﬁres, biofuel combustion, and
open burning of agriculture residues
should create greater contributions to
aromatics in rural areas. The relatively
high levels of DHOPA observed at rural
sites might be due to the inﬂuence of
biomass burning.
3.2. Source Apportionment by SOA-Tracer Method
The SOA-tracer method was applied to attributes SOC and SOA over China during the summer. This method
was developed by Kleindienst and coworkers. In the laboratory, the researchers performed smog chamber
experiments in which SOA precursors were individually irradiated in the presence of oxidants. In each
experiment, the SOA was collected and analyzed for the tracer compounds, whose concentrations were used
to calculate the mass fractions of the tracer compounds in the SOA (fSOA) and the SOC (fSOC):
f SOA ¼
X
i
tri½ 
SOA½  ; f SOC ¼
X
i
tri½ 
SOC½ 
where
P
i[tri] is the sum of the concentrations of the selected suite of tracers for a precursor and [SOA]
and [SOC] are the measured SOA and SOC concentrations, respectively, in the chamber experiments. With
these mass fractions and the measured SOA tracers in the ambient air, the SOA and SOC from different
precursors can be estimated in the atmosphere [Feng et al., 2013; Guo et al., 2012; Hu et al., 2008; Lewandowski
et al., 2013], with the assumption that the fSOA and fSOC values in the chamber are the same in the ambient air.
The fSOC values were reported to be 0.231±0.111μg μgC
1, 0.155±0.039μg μgC1, 0.023±0.0046μg μgC1,
and 0.00797±0.0026μg μgC1 for monoterpenes, isoprene, β-caryophyllene, and aromatics, respectively.
The fSOA values were reported to be 0.168±0.081μgμg
1, 0.063±0.016μgμg1, 0.0109±0.0022μgμg1, and
0.004±0.0013μgμg1 for monoterpenes, isoprene, β-caryophyllene, and aromatics, respectively [Kleindienst
et al., 2007]. There is some degree of uncertainty in the SOA-tracer method due to the use of methane CI mass
spectrometry to estimate compound concentrations through the use of a single surrogate calibration
standard (ketopinic acid) and the simpliﬁcation of applying organic tracers and conversion factors to calculate
SOC in the ambient samples [Kleindienst et al., 2007]. However, this method has been widely applied to estimate
SOC from different precursors and has been proven to be able to provide reasonable results in the U.S.
[Kleindienst et al., 2007; Lewandowski et al., 2013; Stone et al., 2009], Jerusalem [von Schneidemesser et al., 2009],
and China [Ding et al., 2012; Feng et al., 2013; Guo et al., 2012; Hu et al., 2008].
In this study, the same set of SOA tracers reported by Kleindienst et al. [2007] were used for the SOC and
SOA estimations, including MGA and MTLs for isoprene (SOCI and SOAI), β-caryophyllenic acid for
β-caryophyllene (SOCC and SOAC), and DHOPA for aromatics (SOCA and SOAA). For monoterpenes (SOCM
and SOAM), there were nine tracers involved in the source proﬁle [Kleindienst et al., 2007]. However, only
ﬁve of the nine SOAM tracers were detected in the current study. Compared with model results and ambient
observations in the PRD, Wang et al. [2013] noted that the SOA-tracer method could provide reasonable
results for SOAI and SOAA but signiﬁcantly underestimated SOAM. Because there were only ﬁve of the nine
monoterpene SOA tracers detected in the PRD, the mismatch of tracer compositions in ﬁeld and chamber
studies should be an important factor responsible for such an underestimation in SOAM. To lower the
uncertainty induced from the mismatch in tracer compositions, the fSOC and fsoA values with the same ﬁve
SOAM tracers (0.059 μg μgC
1 and 0.044 μg μg1) were calculated using the data from another chamber
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study [Offenberg et al., 2007] by the
same research group and were applied
in the estimations of SOCM and SOAM.
The uncertainty in the SOA-tracer
method is induced from the analysis of
organic tracers and the determination
of the conversion factors. The
uncertainties in the tracers’ analyses
were within 20% [Ding et al., 2008].
The uncertainties of fSOC were reported
to be 25% for isoprene, 48% for
monoterpenes, 22% for β-caryophyllene,
and 33% for aromatics [Kleindienst et al.,
2007; Lewandowski et al., 2013].
Considering these factors, the uncertainty
of the estimated SOC was calculated
through error propagation. The relative
standard deviations (RSDs) were 32% for
SOCI, 52% for SOCM, 30% for SOCC, and
39% for SOCA. On average, the RSD
of total SOC (the sum of the four types of
precursors) was 22%. The results of the
estimated SOC and SOA from different
precursors are listed in Table 2.
Figure 8a shows the spatial distribution
of estimated SOC over China. The total
SOC ranged from 0.37 to 2.47 μgC m3
among the 14 sites. Higher levels
were observed in the eastern regions
(eastern/western = 1.9, Figure 2b)
with the highest value observed at HF
(up to 5.80 μgC m3). Han et al. [2008]
applied a regional air quality model
system to predict the regional
distribution of SOC (the sum of isoprene,
monoterpenes, and aromatics) over
China during the summer and found
that high values of SOC (exceeding
5.0 μgC m3) occurred in eastern China,
especially in the south of the Yangtze Delta. Fu et al. [2012] estimated total SOC to be 1.01 μgC m3 over
China using the Goddard Earth Observing System-Chemistry model. Using the EC-tracer method, the bulk
SOC over 14 cities in China was estimated to be ~6 μgC m3 during the summer [Cao et al., 2007]. The
concentrations and spatial distribution of total SOC by the SOA-tracer method were generally consistent
with the model predictions [Fu et al., 2012; Han et al., 2008]. It should be noted that there are only four
types of SOA precursors involved in this study. Other precursors, e.g., polycyclic aromatic hydrocarbons
[Kleindienst et al., 2012] and 2-methyl-3-buten-2-ol [Lewandowski et al., 2013], are not considered. Additionally,
SOA from aqueous-phase production and primary OA aging could not be captured by the SOA-tracer
method. Thus, the current results should underestimate the total amount of SOC in the air of China, which
partly explains the lower levels of total SOC estimated in this study compared with the study using the
EC-tracer method [Cao et al., 2007]. Total SOA (the sum of the four types) was also estimated, and it ranged
from 0.81 to 5.44 μgm3 among the sites (Table 2). The higher levels occurred in the eastern regions
(Figure 2b), with the highest value observed at HF (up to 13.1 μgm3). Because SOC and SOA were
estimated using the same data set of SOA tracers, the discussion of source attributions focused on SOC.
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As Figure 8b shows, SOCI (0.16–1.51 μgC m
3) was the largest SOC contributor with an average contribution
of 46 ± 14% to the total SOC. SOCA was the second-largest contributor, with concentrations in the range
of 0.05–0.66 μgC m3 and its contributions to total SOC of 27 ± 8%. SOCM and SOCC exhibited similar
levels (0.18 ± 0.11 μgC m3 and 0.22 ± 0.17 μgC m3, respectively) and contributions to total SOC (13% and
14%, respectively). As reported by Kleindienst et al. [2007], the SOA/SOC ratio in chamber experiments
was as high as 2.47 for SOAI, close to 2.0 for SOAA and SOAC, and as low as 1.37 for SOAM. Due to the major
contributions from isoprene and aromatics, the SOA/SOC ratio varied from 2.04 to 2.34 in this study.
Figure 8b compares the SOC compositions over China of a model simulation [Fu et al., 2012] and our
observations. Both studies illustrate the majority of isoprene. However, the modeling results underestimated
the contribution of SOCA compared with our observation. Liu et al. [2012] compared the differences between
satellite observation and model estimation for glyoxal vertical column densities over China and noted that the
model results based on the current emission inventories in China were signiﬁcantly underestimated in the
regions with dense population and high anthropogenic emissions. Their analysis suggested that the missing
source was most likely caused by substantially underestimated aromatic emissions (by a factor of 4–10) over
China [Liu et al., 2012]. Such an underestimation in aromatic emissions could also result in the underestimation
of SOCA by models that highly depend on emission inventories. In fact, SOCA even showed a dominance
over the total biogenic SOC (the sum of SOCI, SOCM, and SOCC) during the summer in Chinese megacities, such
as Beijing [Guo et al., 2012], Shanghai [Feng et al., 2013], and Guangzhou [Ding et al., 2012]. Compared with
the observations in the U.S. using the same method [Lewandowski et al., 2013], SOC over China featured
enhanced contributions from SOCA (Figure 8b). Figure 8c shows the SOC compositions in the six regions. Similar
patterns were observed in different regions, except in North China, where SOCA was the largest by mass
concentration contributor to SOC (up to 45% and 44% at BJ and TY, respectively). Both ﬁeld observations
[Barletta et al., 2005] and model predictions [Fu et al., 2012; Jiang et al., 2012; Liu et al., 2012] demonstrated that
North China was an area of intense anthropogenic emissions (including aromatics) in China. Thus, the high
emissions of aromatics led to a SOCA-majority pattern in North China.
4. Conclusions
SOA tracers from biogenic precursors (isoprene, monoterpenes, and β-caryophyllene) and anthropogenic
aromatics were observed simultaneously at 14 sites in 6 regions of China during the summer in 2012.
The sum of all SOA tracers ranged from 29.9 to 371 ngm3 and exhibited higher levels in the eastern
regions of China. All the biogenic SOA tracers exhibited positive correlations with temperature, which most
likely resulted from enhanced BVOC emissions and photochemistry in the high-temperature regions.
Among these SOA tracers, the SOAI tracers (123 ± 78.8 ngm
3) represented the majority, followed by the
SOAM (10.5 ± 6.64 ngm
3), SOAC (5.07 ± 3.99 ngm
3), and SOAA tracers (2.90 ± 1.52 ngm
3).
For SOAI, the low-NOx products (2-methyltetrols) were the largest by mass concentration compounds
among the SOAI tracers. Signiﬁcant linear correlations were observed between 2-methyltetrol isomers, with
slopes in a narrow range from 2 to 4, indicating that the two isomers shared the similar formation pathways. The
increased contribution of the high-NOx product 2-methylglyceric acid at certain urban sites implied that NOx
hadmore inﬂuence on SOAI formation in urban areas. For SOAM, the ratio of P/Mwas valid as an indicator of the
aging of SOAM, which suggested that SOAM was generally fresh over China during the summer. The SOAA
tracer, DHOPA, exhibited higher levels at urban and suburban sites than at remote sites, with the highest levels
in North China. The elevated levels of DHOPA at rural sites might be due to the inﬂuence of biomass burning.
These SOA tracers were further applied to attribute SOA origins via the SOA-tracer method. The total amounts
of SOC and SOA were estimated to be within the ranges of 0.37 to 2.47 μgC m3 and 0.81 to 5.44μgm3,
respectively, with the highest values observed at HF in East China. Isoprene (46±14%) and aromatics (27± 8%)
were the two major contributors to total SOC in each region. North China was found to be an area of intense
aromatics pollution.
The role of SOA in PM2.5 remains an important topic for study, especially in areas with extreme PM problems
worldwide. China is perhaps the most important area of the world with out-of-control PM. The levels of PM2.5
in most cities exceed the national air quality standards (annual: 35μgm3; daily: 75μgm3) [Chai et al.,
2014]. To our knowledge, this is ﬁrst time that the characteristics of SOA have been studied using SOA tracers
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on a national scale. Our results show that total SOA concentrations varied from 1.63 to 5.44μgm3 at urban
sites and were as high as 10μgm3 in the eastern regions. Thus, SOA play an important role in PM2.5,
especially in city clusters in China.
Moreover, our results suggest that anthropogenic aromatics are important SOA precursors in China. In
North China, SOCA were the largest SOA contributor in total SOC. Compared with our ground-based
observations, previous modeling results [Fu et al., 2012; Han et al., 2008] underestimated the contribution
of aromatics in China, largely due to the underestimation of aromatics emissions in the current emission
inventories of China. Further studies should pay more attention to aromatics not only in source emission but
also in SOA production.
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